oo 
(N 



> 

in 

(N 



O 

00 

Oh 



FERMILAB-PUB-98/189-E 
CDF /PUB /BOTTOM/CDFR/4574 
PRL Version 1.0 
February 6, 2008 

Measurement of the CP-Violation Parameter sin(2/3) in 

Bd/B^d J/'^Kl Decays 



F. Abe/'^ H. Akimoto,^^ A. Akopian,^^ M. G. Albrow/ A. Amadon,^ S. R. Amendolia,^'^ 

D. Amidei,^° J. Antos,^^ S. Aota,^'^ G. ApoUinari,^^ T. Arisawa,^*^ T. Asakawa,^^ 
W. Ashmanskas/^ M. Atac/ P. Azzi-Bacchetta,^^ N. Bacchetta,^^ S. Bagdasarov,^^ 
M. W. Bailey,22 P. de Barbaro,^° A. Barbaro-Galtieri/^ V. E. Barnes,^^ B. A. Barnett/^ 
M. Barone,^ G. Bauer/^ T. Baumann/^ F. Bedeschi,^'' S. Behrends,'^ S. Belforte,^^ 

G. Bellettini,^^ J. Bellinger, D. Benjamin, J. Bensinger,^ A. Beretvas,^ J. P. Ber"-" 
J. Berryhill,^ S. Bertolucci,^ S. Bettelli,^'^ B. Bevensee,^^ A. Bhatti,^^ K. Biery,"^ 
C. Bigongiari,27 M. Binkley,^ D. Bisello,^^ R. E. Blair,i C. Blocker,^ S. Blusk,30 



C. Bigongiari,27 M. Binkley,^ D. Bisello,^^ R. E. Blair,i C. Blocker,^ S. Blusk,30 
^. Bodek,30 W. Bokhari,^^ G. Bolla,^^ Y. Bonuslikin,^ D. Bortoletto,^^ J. Boudreau,^ 
O \ L. Breccia,^ C. Bromberg,^^ N. Bruner,^^ R. Brunetti,^ E. Buckley-Geer,^ H. S. Budd,^° 

■ K. Burkett,20 G. Busetto,^^ A. Byon- Wagner,^ K. L. Byrum,i M. Campbell,^^ A. Caner^^? 

W. Carithers,^^ D. Carlsmith,^o J. Cassada,^^ A. Castro,^^ D. Cauz,^^ A. Cerri,^^ 
P. S. Chang,33 R T. Chang,^^ H. Y. Chao,^^^ j Chapman,20 M. -T. Cheng,^^ M. Chertok,^^ 
G. Chiarelli,27 C. N. Chiou,^^ F. Chlebana,^ L. Christofek,!^ M. L. Chu,^^ S. Cihangir,^ 

A. G. Clark,i° M. Cobal,^^ E. Cocca,^^ M. Contreras,^ J. Conway,^^^ j_ Cooper,^ 
M. Cordelli,^ D. Costanzo,^^ C. Couyoumtzelis,^^ D. Cronin-Hennessy,^ R. Culbertson,^ 
D. Dagenhart,^^ T. Daniels,^^ F. DeJongh,^ S. Dell'Agnello,^ M. DeirOrso,^^ R. Demina,^ 
L. Demortier,^^ M. Deninno,^ P. F. Derwent,^ T. Devlin, J. R. Dittmann,^ S. Donati,^^ 
: J. Done,34 T. Dorigo,^^ N. Eddy, 2° K. Einsweiler,!^ J. E. Elias,^ R. Ely,^^ E. Engels, Jr.,^^ 

"7. Erdmann,^ D. Errede,^^ g_ Errede,^^ Q. Fan,30 R. G. Feild,^^ Z. Feng,^^ C. Ferretti,^^ 
I. Fiori,^ B. Flaugher,^ G. W. Foster,'' M. Franklin, J. Freeman,'' J. Friedman, 
Fukui,^^ S. Gadomski,^^ S. Galeotti,^^ M. Gallinaro,^^ O. Ganel,^^ M. Garcia-Sciveres,^^ 
A F. Garfinkel,29 C. Gay,^^ S. Geer,^ D. W. Gerdes,^^ P. Giannetti,^^ N. Giokaris,^! 
P. Giromini,^ G. Giusti,^^ M. Gold,22 A. Gordon,ii A. T. Goshaw,^ Y. Gotra,^^ 
K. Goiilianos.'^^ H. Grassmann.^^ Tj. Groer.'^^ G. Grosso-Pilnher.^ G. Giiillian.^'^ 



r. uirommi, ^. i^msxi, m. loroia, /\. Lroraon, i\. i. Lrosnaw, i. loroira, 
K. Goulianos,'^^ H. Grassmann,^^ L. Groer,'^^ C. Grosso-Pilcher,^ G. Guillian,^^ 
J. Guimaraes da Costa,^^ R. S. Guo,^^ C. Haber,!^ E. Hafen,!^ S. R. Hahn,^ R. Hamilton,^i 
T. Handa,^^ R. Handler, F. Happacher,^ K. Hara,^^ A. D. Hardman,^^ R. M. Harris,^ 

F. Hartmann,^^ J. Hauser,*^ E. Hayashi,^^ J. Heinrich,^^ W. Hao,^^ B. Hinriclisen,^^ 
K. D. Hoffman,29 M. Hohlmann,^ C. Holck,^^ R. Hollebeek,^^ L. Holloway,^^ 2. Huang,^^ 
B. T. Huffman,28 R. Hughes,^^ J. Huston,^! J. Hutli,i^ H. Ikeda,^^ M. Incagli,^^ 



/. iiuiiiiifciii, ivi. iiuiiiiiifciim, vj. iiuiuj:^, n,. iiuiieueeii., ij. iiuiiuwa}', zj. iiuaiig. 

B. T. Huffman,28 R. Hughes,^^ J. Huston,^! J. Hutli,i^ H. Ikeda,^^ M. Incagli,^^ 
J. Incandela,^ G. Introzzi,^'' J. Iwai,'^^ Y. Iwata,^^ E. James, H. Jensen,'' U. Joslii,^ 
E. Kajfasz,25 H. Kambara,^° T. Kamon,^^ T. Kaneko,^^ K. Karr,^^ H. Kaslia,^^ Y. Kato^ 

T. A. Keaffaber,29 K. Kelley,^^ R. D. Kennedy,^ R. Kephart,^ D. Kestenbaum," 
D. Khazins,^ T. Kikuchi,^^ B. J. Kim,^^ H. S. Kim,^^ S. H. Kim,^^ Y. K. Kim,!^ L. Kirsd 



24 



1 



S. Klimcnko,^ D. Knoblauch/^ P. Kochn,^^ A. Kongeter/^ K. Kondo,^^ J. Konigsberg,^ 

K. Kordas/^ A. Korytov,^ E. Kovacs/ W. Kowald,^ J. Kroll,^^ M. Kruse,^^ 
S. E. Kuhlmann,^ E. Kuns,^^ K. Kurino/^ T. Kuwabara,^'' A. T. Laasanen,^^ S. Lami,^^ 
S. Lammel/ J. I. Lamoureux,^ M. Lancaster, M. Lanzoni,^^ G. Latino, T. LeCompte,^ 
S. Leone,^^ J. D. Lewis,^ P. Limon,^ M. Lindgren,^ T. M. Liss,^^ J. B. Liu,=^° Y. C. Liu,^^ 
N. Lockycr,^^ O. Long,^^ C. Loomis,^^ M. Loreti,^^ D. Lucchesi,^^ P. Lukens,''' S. Lusin,'^^ 
J. Lys,-^^ K. Maeshima,'' P. Maksimovic,^^ M. Mangano,^^ M. Mariotti,^^ J. P. Marriner,''' 

G. Martignon,25 A. Martin,'^^ J. A. J. Matthews,^^ P. Mazzanti,^ K. McFarland,^^ 
P. Mclntyre,^^ P. Melese,^^ M. Menguzzato,^^ A. Menzione,^'^ E. Meschi,^^ S. Metzler,^^ 

C. Miao,2o T. Miao,^ G. Michail,^^ R. Miller,^! H. Minato,^^^ S. Miscetti,'^ M. Mishina,^^ 
S. Miyashita,^^ N. Moggi,^^ E. Moore,^^ Y. Morita,^^ A. Mukherjee,^ T. Muller,^^ 

P. Murat,27 S. Murgia,^^ M. Musy,=^^ H. Nakada,^^ T. Nakaya,^ L Nakano,^^ q Nelson,^ 

D. Neuberger,^^ C. Newman- Holmes,^ C.-Y. P. Ngan,^^ L. Nodulman,^ A. Nomerotski,^ 
S. H. Oh,6 T. Ohmoto,i2 x. Ohsugi,!^ R. Oishi,=^^ M. Okabe,=^^ T. Okusawa,^^ J. Olsen,^^ 

C. Pagliarone,^^ R. Paoletti,^^ V. Papadimitriou,^^ S. P. Pappas,^^ N. Parashar,^''' 
A. Parri,^ J. Patrick,''' G. Paulctta,^^ M. Paulini,^^ A. Perazzo,^^ L. Pescara,^^ 

M. D. Peters,!^ T. J. Phillips,^ G. Piaccntino,^^ M. Pillai,^^ K. T. Pitts,^ R. Plunkett,^ 
A. Pompos,^^ L. Pondrom,*^° J. Proudfoot,^ F. Ptohos,^^ G. Punzi,^'' K. Ragan,^^ 

D. Reher,^^ M. ReischV^ A. Ribon,^^ p. Rimondi,^ L. Ristori,^^ W. J. Robertson,^ 
T. Rodrigo,^^ S. Rolli,^^ L. Rosenson,!^ R. Roser,!^ rp q^^^^ u ^ ^ Sakumoto,^^ 

D. Saltzberg,^ A. Sansoni,^ L. Santi,^^ H. Sato,^^ P. Schlabach,^ E. E. Schmidt,^ 
M. R Schmidt,^! A. Scott,^ A. Scribano,^^ S. Segler,^ S. Seidel,22 Y. Seiya,^^ F. Semeria,^ 

T. Shah,i9 M. D. Shapiro,!^ N. M. Shaw,^^ P. F. Shcpard,^^ T. Shibayama,^^ 
M. Shimojima,37 M. Shochet,^ J. Siegrist,^^ A. Sill,^^ P. Sinervo,^^ P. Singh,!^ K. Sliwa,^^ 
C. Smith,i5 F. D. Snider,i5 J. Spalding,^ T. Speer,!^ R Sphicas,^'^ F. Spinella,^^ 
M. Spiropulu,^^ L. Spiegel,^ L. Stanco,^^ J. Steele,^" A. Stcfanini,^^ R. Strohmer,^" 
J. Strologas,^^ F. Strumia, D. Stuart,'^ K. Sumorok,^^ J. Suzuki, '^^ T. Suzuki, 
T. Takahashi,^^ T. Takano,^^ R. Takashima,^^ K. Takikawa,^^ M. Tanaka,^'' 
B. Tannenbaum,22 F. Tartarelli,^^ W. Taylor,^^ M. Tecchio,20 P. K. Teng,^^ Y. Teramoto,^^ 
K. Terashi,^^ S. Tether,^'^ D. Theriot,^ T. L. Thomas,^^ R. Thurman-Keup,^ M. Timko,^^ 
P. Tipton,30 A. Titov,3i S. Tkaczyk,^ D. Toback,'^ K. Tollcfson,^^ A. Tollestrup,^ 
H. Toyoda,24 W. Trischuk,!^ J. F. de Troconiz,!^ S. Truitt,^^ J. Tseng,!^ N. Turini,^^ 



K. Terashi,^^ S. Tether,^'^ D. Theriot,^ T. L. Thomas,^^ R. Thurman-Keup,^ M. Timko, 
P. Tipton,30 A. Titov,3i S. Tkaczyk,^ D. Toback,'^ K. Tollcfson,^^ A. Tollestrup,^ 
H. Toyoda,24 W. Trischuk,!^ J. F. de Troconiz,!^ S. Truitt,^^ J. Tseng,!^ N. Turini,^^ 
T. Uchida,37 F. Ukegawa,^^ J. Valls,^^ ^^n den Brink,^^ S. Vcjcik, G. Velev, 

R. Vidal,^ R. Vilar,^" D. Vucinic,^^ R. G. Wagner,^ R. L. Wagner,^ J. Wahl,^ 
N. B. Wallace,27 A. M. Walsh,^^ C. Wang,^ C. H. Wang,^^ M. J. Wang,=^=^ A. Warburton,!^ 
T. Watanabe,37 T. Watts,^^ ^ Webb,^^ C. Wei,'' H. Wenzel,!^ W. C. Wester, III,^ 
A. B. Wicklund,^ E. Wicklund,^ R. Wilkinson,^^ H. H. Williams,^^ P. Wilson,^ 
B. L. Winer,23 D. Winn,^^ D. Wolinski,^^ J. Wolinski,^! S. Worm,^^ X. Wu,i° J. Wyss,^^ 
A. Yagil,^ W. Yao,is K. Yasuoka,^^ G. P. Yeh,^ P. Yeh,33 J. Yoh,^ C. Yosef,^! T. Yoshida,^^ 

L Yu,^ A. Zanetti,=^6 F. Zetti,^^ and S. Zucchelli^ 



(CDF Collaboration) 



Argonne National Laboratory, Argonne, Illinois 60439 
Istituto Nazionale di Fisica Nucleare, University of Bologna, 1-40127 Bologna, Italy 



2 



3 

Brandeis University, Waltham, Massachusetts 02254 

4 

University of Califo'r-nia at Los Angeles, Los Angeles, California 90024 
5 

University of Chicago, Chicago, Illinois 60637 
^ Duke University, Durham, North Carolina 27708 

7 

Fermi National Accelerator Laboratory, Batavia, Illinois 60510 



University of Florida, Gainesville, Florida 32611 
a Frascati, Istituto Nazionale di Fisica Nucleare, 1 
University of Geneva, CH-1211 Geneva 4, Switzerland 



Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, 1-00044 Frascati, Italy 
10 



25 



Harvard University, Cambridge, Massachusetts 02138 

12 

Hiroshima University, Higashi-Hiroshima 724, Jo,pan 
13 

University of Illinois, Urbana, Illinois 61801 

14 

Institute of Particle Physics, McCill University, Montreal H3A 2T8, and University of Toronto, 

Toronto M5S 1A7, Canada 

15 

The Johns Hopkins University, Baltimore, Maryland 21218 

Institut fiir Experimentelle Kemphysik, Universitdt Karlsruhe, 76128 Karlsruhe, Germany 
17 

National Laboratory for High Energy Physics (KEK), Tsukuba, Ibaraki 305, Japan 

18 

Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720 
19 

Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 
20 

University of Michigan, Ann Arbor, Michigan 48109 

21 

Michigan State University, East Lansing, Michigan 48824 

22 

University of New Mexico, Albuquerque, New Mexico 87131 
23 

The Ohio State University, Columbus, Ohio 43210 
24 

Osaka City University, Osaka 588, Japan 

Universita di Padova, Istituto Nazionale di Fisica Nucleare, Sezione di Padova, 1-35131 Padova, Italy 
26 



University of Pennsylvania, Philadelphia, Pennsylvania 19104 

•'isi 
28 



27 

Istituto Nazionale di Fisica Nucleare, University and Scuola Normale Superiore of Pisa, 1-56100 Pisa, Italy 



University of Pittsburgh, Pittsburgh, Pennsylvania 15260 
29 

Purdue University, West Lafayette, Indiana 47907 

30 

University of Rochester, Rochester, New York 14627 

31 

Rockefeller University, New York, New York 10021 

32 

Rutgers University, Piscataway, New Jersey 08855 

33 

Academia Sinica, Taipei, Taiwan 11530, Republic of China 

^ Texas A&M University, College Station, Texas 77843 
35 

Texas Tech University, Lubbock, Texas 79409 

36 

Istituto Nazionale di Fisica Nucleare, University of Trieste/ Udine, Italy 
37 

University of Tsukuba, Tsukuba, Ibaraki 315, Japan 
38 

Tufts University, Medford, Massachusetts 02155 
39 

Waseda University, Tokyo 169, Japan 

40 

University of Wisconsin, Madison, Wisconsin 53706 
41 

Yale University, New Haven, Connecticut 06520 

(February 6, 2008) 



Abstract 



We present a measurement of the time-dependent asymmetry in the rate for 
5° versus decays to J/ijjKg. In the context of the Standard Model this 
is interpreted as a measurement of the CP-violation parameter sin(2/3). A 
total of 198 lb 17 B'^/B^ decays were observed in pp collisions at ^/s = 1.8 
TeV by the CDF detector at the Fermilab Tevatron. The initial 6-fiavor is 
determined by a same side flavor tagging technique. Our analysis results in 
sin(2/3) = 1.8 ± l.l(stat) ± 0.3(syst). 

PACS numbers: 14.40.Nd, 12.15.Hh, 13.25Hw 
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Typeset using REVT^ 



The origin of Charge- Conjugation-Parity (CP) non- conservation in weak interactions 
has been an outstanding question in physics since its unexpected discovery in tt+tt" 
decays in 1964 The favored mechanism for explaining CP violation is through the 
relationship between the weak interaction and the mass eigenstates of quarks, which is 
described in the Standard Model (SM) by the Cabibbo-Kobayashi-Maskawa (CKM) mixing 
matrix [Q. With the addition of the third generation of quarks, top and bottom, this matrix 
gains a physical complex phase capable of explaining CP violation. 

After more than three decades, the remains the only system where CP violation has 
been observed. Searches for CP violation have recently been extended to inclusive B meson 
decays. However, the effects are expected to be small (~ 10^^), and no measurement has 
had the precision to reveal an effect f^. 

CP violation is expected to have a large effect in the relative decay rate of and B^ 
to the CP eigenstate J/ipK^ 0. The interference of direct decays (5° — J/ipKg) vs. those 
that have undergone mixing {B^ —^B^—>- J/ipKg) gives rise to a decay asymmetry 

Acp{t) = = sin(2/5) sin(Am,t), (1) 

where B^[t) is the number of decays to J/tpKg at proper time t given that the 

produced meson (at t = 0) was a B^ (B^). The CP phase difference between the two 
decay paths appears via the factor sin(2/5), and the flavor oscillation through the mass 
difference Am^ between the two 5° mass eigenstates. Within the SM, constraints on the 
CKM matrix imply 0.30 < sin(2/?) < 0.88 at 95% C.L. [|. Using a J/^pK'^ sample, the 
OPAL Collaboration has recently reported sin(2;3) = 3.2t^;^ ±0.5 0. 

Here we report on an analysis using B^/^^ — * J/ipK^ decays extracted from a 110 pb~^ 
data sample of pp collisions at i/s = 1.8 TeV collected in 1992-96 by the CDF detector at the 
Fermilab Tevatron collider. A description of the CDF detector may be found in Refs. 

The J/ipKg sample selection closely parallels Ref. [|l^]. The J/ip is recon- 



structed via the jji^ mode. Both muons must be measured by our silicon vertex detector 
(SVX) [§], thereby providing a precise decay length measurement. candidates are sought 
by fitting pairs of oppositely charged tracks, assumed to be pions, to the Kg — > tt+tt" hy- 
pothesis. The J /if) and daughter tracks are combined in a four particle fit assuming they 
arise from B^/B^ —>■ J/ipK^: the and 7r"'"7r~ are constrained to their parents' world 

average masses and separate decay vertices, and the Kg, J/ip, and B are constrained to 
point back to their points of origin. A B candidate is accepted if its transverse momentum 
with respect to the beam line Pt{B) is greater than 4.5 GeV/c, and if the K^ candidate has 
PT{Kg) > 0.7 GeV/c and a decay vertex significantly displaced from the J/ip vertex. Fit 
quality criteria are also applied. 

We define = {Mpir — Moi/apiT, where MpjT is the mass of the B candidate from 
the fit described above, apiT is its uncertainty (typically ~9 MeV/c^), and Mq is the central 
value of the B^ mass peak. The decay length of the B is used to calculate its proper decay 
length ct, which includes the sign from the scalar product of the transverse components of 
the vectors for the B decay vertex displacement from the pp interaction vertex and the B 
momentum. The normalized masses M^r for the accepted candidates with ct > are shown 
in Fig. |l|a along with the results of the likelihood fit described later. The fit yields (for all 
ct) 198 ± 17 B^Wj mesons. 
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Measuring Acpit) is predicated upon knowing whether the production "flavor" of the 
meson was or B^. We determine this by a same side tagging (SST) method which 
relies upon the correlation between the B flavor and the charge of a nearby particle. Such 
a correlation can arise from the fragmentation processes which form a B meson from a b 
quark, as well as from the pion from the decay of B** mesons [O]. In both cases a B^ 



is preferentially associated with a positive particle, and a with a negative one. The 
effectiveness of this method has been demonstrated by tagging B uiD^*^ decays and 
observing the time dependence of the B^-B'^ oscillation and measuring Am^. We have also 
measured the amplitude of the oscillation [i.e., the strength of the correlation) in a lower- 
statistics B^ — > J/ipK*^ sample and found it to be consistent with the uiD^*^ data [p!0| , p!2 



Our SST method, following Ref. selects a single charged particle as a flavor tag from 
those within an ri-(j) cone of half-angle 0.7 around the B direction, where rj = — ln[tan(0/2)] 
is the pseudorapidity, 9 is the polar angle relative to the outgoing proton beam direction, 
and is the azimuthal angle around the beam line. The tag must have pt > 400 MeV/c 
and come from the pp interaction vertex {i.e., have a transverse impact parameter within 3 
standard deviations of the interaction vertex). If there is more than one candidate, the one 
with the smallest p'!^'' is selected as the flavor tag, where the pfp'' of a particle is the component 
of its momentum transverse to the momentum of the combined 5+particle system. 

We apply the SST method to the J/ipKg sample. The tagging efficiency is ~65%. The 
breakdown of tags is given in Table | in proper time bins. We call |Mjv| < 3 the "signal 
region" and 3 < \Mn\ < 20 the "sidebands." Since negative (positive) tags are associated 
with -B°'s (B^'s), we form the asymmetry 

Met) = ^-(-t)-miet) 

N-ict) + N+{ct) ^ ^ 

analogous to Eq. (|I]), where N^{ct) are the numbers of positive and negative tags in a given 
ct bin. The signal events generally have a positive asymmetry {i.e., favoring negative tags) 
at large ct. The sidebands show a consistent negative asymmetry (positive tags), but this 
has a small effect in the sideband-subtracted asymmetry at larger ct, where the signal purity 
is high (see Fig. |T|b). 

The sideband-subtracted asymmetries of Table | are displayed in Fig. ^ along with a 
fit (dashed curve) to ^osin(Amdt), where Am^ is fixed to 0.474 ps^^ |T^. The amplitude. 



^0 = 0.36 ± 0.19, measures sin(2/3) attenuated by a "dilution factor" Vq = 2Vq — 1, where 
Vo is the probability that the tag correctly identifies the B^ flavor. The determination of 
^0 is dominated by the asymmetries at larger ct's due to the sin(Amrft) shape; this is also 
where the background is very low. 

We refine the fit using an unbinned maximum likelihood fit based on Ref. [0]. This 



fit makes optimal use of the low statistics by fitting signal and background distributions 
in Mn and ct, including sideband and ct < events which help constrain the background. 
The likelihood fit also incorporates resolution effects and corrections for systematic biases, 
such as the inherent charge asymmetry favoring positive tracks resulting from the wire plane 
orientation in the main drift chamber. 

We measure the intrinsic charge asymmetry of the tagging in a large inclusive (unflavored) 
J/ip sample with displaced decay vertices (> 90% h hadrons) and parameterize its depen- 
dence on track pt and event occupancy. The occupancy dependence is weak. At 400 MeV/c, 
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the SST pt threshold, the asymmetry is 5.6 ± 1.1%, falhng as p^^ to 0.14 ± 0.86% at high 
Pt (the average tag asymmetry in the J/tp sample is 1.6 ± 0.7%), all favoring positive tags. 
This correction is applied to the signal in the likelihood fit; the charge asymmetry of the 
J/ipKg background is measured independently by the fit itself. 

The solid curve in Fig. |^ is the result of the likelihood fit, which gives T>osm{2j3) = 
0.31 ± 0.18. As expected, the two fits give similar results, indicating that our result is 
dominated by the sample size and that the corrections and improvements of the likelihood 
fit introduce no dramatic effects. Also shown in the Fig. inset is the relative log-likelihood 
as a function of Posin(2/3); the shape is parabolic, indicating Gaussian errors. 

As noted above, the sidebands favor positive tags. The maximized likelihood ascribes an 
asymmetry of 16.7 ±8.2%, or an ~2cr excess of positive tags, to the long-lived backgrounds 
{e.g., B —>■ J/ipX with an unassociated K^). Prompt background (consistent with ct- 
resolution) has an asymmetry of 0.6 ± 4.5% favoring negative tags. 

Systematic effects from B backgrounds have been considered. For instance, the decay 
B^ —>■ J/tpK*^, K*^ — * KgTT^, where we do not reconstruct the 7r°, has a negligible effect on 
the result. Background asymmetries were also studied in J/ipK^ and J/ipK*^ modes |]10 . 
No systematic pattern emerged. Since no other biases have been found aside from the above 
small effects, we attribute the background asymmetry largely to statistical fluctuations. 
Again, the effect of these asymmetries is small as the total background fraction is small at 
large ct (see Fig. |I]b) where sin(Amrft) is large. 

We determine the systematic uncertainty on Dq sin(2/3) by shifting the central value of 
each fixed input parameter to the fit by ±lcr and refitting to find the shift in Dosin(2/3). 
Varying the B^ lifetime (468 ± 18 /xm [|I^) shifts the central value by ±0.001. The pa- 
rameterization of the intrinsic charge asymmetry is also varied, yielding a ^i^o oJg uncer- 



tainty. The largest systematic uncertainty is due to Am^ = 0.474 ± 0.031 ps [13 



which gives a lo;o25 shift. These systematic uncertainties are added in quadrature, giving 
Vq sin(2/3) = 0.31 ± 0.18 ± 0.03. 

To obtain sin(2/9), we use dilution measurements from other B samples. Our best single 
Vq measurement, from a large B iD^*'>X sample, is 0.181;I;o;q32 fT^H- Because of 
differing lepton px trigger thresholds, the average pt of the semileptonic -B's is ~21 GeV/c, 
but it is only 12 GeV/c in the J/ipK^ data. We correct for this difference by using a version 
of the PYTHIA event generator [|1^] tuned to CDF data [jlO|,|T5|. We supplement the above 
measurement of Vq with the dilution X>_|_ measured from B~^'s in the same sample, 
as well as measurements from B —>■ J/ipK'^ and J/tpK*^. The simulation also accounts 
for the systematic difference between B^ and B^ dilutions. The T>q appropriate for our 
J/ipKg sample is then 0.166 ± 0.018 ± 0.013, a small shift from 0.181. The first error is due 
to the uncertainty in the dilution measurements, and the second is due to the Monte Carlo 
extrapolation. The latter is determined by surveying a range of simulation parameters P,pD|. 

Using this Vq, we find that sin(2/3) = 1.8±1.1±0.3. The central value is unphysical since 
the amplitude of the measured asymmetry is larger than Vq. If one wishes to frame this 



result in terms of confidence intervals, various alternatives are available 13.161. We follow 



the frequentist construction of Ref. |16[, which gives proper confidence intervals even for 
measurements in the unphysical region. Our measurement thereby corresponds to excluding 
sin(2/5) < —0.20 at a 95% confidence level (C.L.). We also calculate that if the true value 
of sin(2/3) were 1, the median expectation of an exclusion for an experiment like ours would 
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be sin(2/5) < —0.89 at 95% CL. This is a measure of experimental sensitivity our limit 
is higher, reflecting the excursion into the unphysical region. 

It is interesting to note that if Vq ^ 0, the exclusion of sin(2/3) = is independent of the 
value of Vq. Given Vq > 0, the same prescription as above yields a dilution-independent 
exclusion of sin(2/5) < at 90% C.L. 

We have explored the robustness of our result by varying selection and tagging crite- 
ria. None had a significant effect on the asymmetry with the exception of the tagging pt 
threshold. In principle, any choice of the threshold would give an unbiased estimator of 
T>Q sin(2/3). The 400 MeV/c threshold, however, was our a priori choice, taking into account 
the tracking asymmetry at lower px and the reduced tagging efficiency at higher p^- 

When varying the px threshold we found that Posin(2/5) drops rather sharply in going 
from 0.5 to 0.6 GeV/c, and then gradually rises. The probability of observing such a large 
change in an ~ 100 MeV/c step is estimated to be ~5%. The smallest value of Posin(2/3) 
is —0.12 ± 0.21 (stat. error only) for a 0.7 GeV/c threshold. This variation cannot be at- 
tributed to the dependence of Vq on the pt threshold: both the charged and neutral dilution 
measurements vary slowly, in good agreement with the PYTHIA calculations |[T^. Moreover, 
no systematic effects have been found which are able to account for such a variation. 

As we can identify no mechanism to give the particular behavior seen, we characterize the 
variation of Vq sin(2/5) with the pt threshold by calculating the probability that the variation 
in the data agrees with the slow variation in the simulation. To this end we employ the 
procedure used in Ref. to study the dilution variation in a 5+ J/ipK^ sample. We 
compare the data with Monte Carlo pseudo-experiments of similar size and find that the 
probability of obtaining a higher {worse agreement) than the data is 42%, considering 
only statistical fluctuations [^]. Thus, the observed variation of VQsm{2[3) with the SST pt 
threshold is consistent with statistical fluctuations expected for a sample of this size. 

In summary, we have applied a same side flavor tagging method to a sample of B^^/B^ — >■ 
J/ijjKg decays and measured sin(2/5) = 1.8 ± 1.1 ± 0.3. Although the sensitivity of the 
result on the tagging px threshold complicates the interpretation, our result favors current 
Standard Model expectations of a positive value of sin(2/5). 

This result establishes the feasibility of measuring CP asymmetries in B meson decays 
at a hadron collider. Operation of the Main Injector in the next Tevatron Collider run 
should provide more than an order of magnitude increase in luminosity. Detector upgrades 
will further enlarge our B samples. If current expectations are correct, these large samples 
should be sufficient to observe and study CP violation in J/ipKg, and possibly in other 



modes as well [17 
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TABLES 



ct 




Signal 






Sidebands 




Asymmetry 






+ 







+ 





/ fry \ 

(%) 


-200 - 


42 


21 


43 


167 


193 


174 




- 100 


53 


48 


49 


156 


175 


205 


20 ±25 


100 - 200 


14 


14 


15 


26 


34 


24 


8 ±32 


200 - 400 


12 


18 


19 


17 


22 


10 


-22 ± 24 


400 - 800 


26 


13 


22 


11 


18 


11 


42± 18 


800 - 1400 


6 


4 


9 


6 


6 


2 


25 ±40 


1400 - 2000 


3 


1 


1 








2 


50 ±43 



TABLE L Tags for the J/ipKg candidates in proper decay length (ct) bins. The signal region is 
IMatI < 3, and the sidebands are 3 < \Mn\ < 20. The "±," and "0" headings are for positive, 
negative, and untagged events. The last column is the sideband-subtracted tagging asymmetry 
[Eq. @]. The asymmetry for the background-dominated first row is not quoted because there is 
not a tagged, sideband-subtracted excess. 
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FIGURES 
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FIG. 1. The normalized mass distribution of the J/tpKg candidates with ct > and 200 /xm. 
The curve is the Gaussian signal plus linear background from the likelihood fit (see text). 




0.05 0.1 0.15 0.2 

Proper Decay Length (cm) 

FIG. 2. The sideband-subtracted tagging asymmetry as a function of the reconstructed J/ipKg 
proper decay length (points). The dashed curve is the result of a simple fit to Aosm{Amdt). 
The solid CTirvc is the likelihood fit result, and the inset shows a scan through the log-likelihood 
function as Vq sin(2/3) is varied about the best fit value. 
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